This study was focused on physical, petrographical, mineralogical, and chemical characterization of a volcanic-rock mining by-product (dacite rock), as well as on greenhouse experiment with black oats and maize crops to evaluate the potential use of the by-product as soil re-mineralizer. The by-product sample was obtained from a quarry in the Nova Prata mining district in southern Brazil. The particle size distribution of the by-product and soil was determined by sieving. Dacite rock petrographic description was performed on a polished thin section by optical microscopy. The soil and dacite rock mineralogical phases were identified by X-ray diffraction. The byproduct and soil chemical composition was determined by X-ray fluorescence. Inductively coupled plasma mass spectrometry was performed to determine potentially toxic elements, As, Cd, Hg and Pb in by-product. Additional chemical compositions of the by-product and soil were analyzed using a scanning electron microscope equipped with an energy dispersive X-ray detector. Black oats and, sequentially maize, crops were cultivated in a typical Hapludox soil treated with the by-product in a greenhouse. Five by-product doses (0, 906, 1813, 3625, and 7251 kg ha
INTRODUCTION
Most tropical soils are acidic and have low fertility (Melfi et al. 1999; Rabel et al. 2018) . However, to reduce ecological and economic damage from modern and intensive agriculture in external inputs, especially in highly soluble fertilizers, many alternative measures have been carried out (Ferrari et al. 2019) . One of the measures that has been taken was to restore leached or degraded soils by adding rock mining by-products, which would yield the elements lost through leaching (Ramos et al. 2017) . With regard to the use of ground rock as fertilizer, several experiments and data have shown that a wide variety of materials, with low environmental impact, can be used as alternative fertilizer for soils Leonardos et al. 1976; Escosteguy and Klamt 1998; Gillman et al. 2001; Nunes et al. 2014) .
Mining is mineral resource extraction, which induces environmental impacts on both the mined and nearby areas (Sá nchez-Peñ a et al. 2018) . In general, the by-products of rock mining are discarded in landfills or disposed of in the environment without any treatment processes (Machado et al. 2014) . Thus, the application of by-products of volcanic rock mining as soil re-mineralizer can minimize the environmental impact caused by agricultural and mining activity and, hence, provide a wide range of nutrients that result in the improved quality of food and an environmentally safe technique (Ramos et al. 2015) . Near agricultural production centers in the State of Rio Grande do Sul (RS) and Santa Catarina (SC), there is a wide distribution of volcanic rock deposits. Therefore, it is of great relevance to conduct research on the agronomic performance of these rocks, especially for plants demanding Si and K (Bergmann et al. 2017) .
In the rock aggregate mining sector, fine crushed powders are by-products intended for uses such as asphalt filler. However, such by-products can create environmental problems when the demand is lower than production. In this case, their application in agriculture should be considered as an alternate to re-mineralize nutrient-depleted soils. Mineralogical and chemical characterization and an evaluation of their agronomic performance are required for evaluating the environmental risk of this material (Korchagin et al. 2019) . Basalt by-products from quarries in South Brazil are well known as a soil remineralizer (Nunes et al. 2014) , but dacite has not yet been utilized. The use of crushed rocks (mining by-products) as soil re-mineralizer is a long-standing practice to improve soil properties and increase crops productivity. It is also associated with the reduction in production costs, since re-mineralizers are cheap compared to soluble fertilizers (Silva 2016; Manning and Theodoro 2018) .
In 2013, Brazilian law no 12890/2013 included soil re-mineralizers as an input category for agriculture. Soil re-mineralizers are all mineral materials that have undergone only size reduction and size classification by mechanical processes and that change the soil fertility indices by addition of macroand micro-nutrients for crops and improve the physical or physicochemical properties or the biological activity of soils. In Brazil, soil re-mineralizers have been developed, and Brazilian federal law (Brazil 2013 ) allows these to be used for crop nutrition, with specifications clearly defined by Normative Instruction (IN) no 5 of the Ministry of Agriculture, Livestock and Supply (Brazil 2016) . This approach provides a model that all countries to explore local geological sources and reduce the use on of high solubility fertilizers (Manning and Theodoro 2018) .
Several rock powders such as basalt, phonolite, phlogopite, and granite, among others, have been studied to evaluate its potential use as fertilizer (van Straaten 2007) . Dacite rock has different chemical and mineral compositions compared to the rocks cited above because of hydrothermal alteration (Meunier et al. 1988; Rosenstengel and Hartmann 2012) . No geochemical/mineralogical study has been conducted to date to assess dacite rock by-product for application as re-mineralizer in tropical soil. Information from such study is fundamental for ensuring safe and efficient use of this by-product as soil re-mineralizer. Dacite rock not only contains primary minerals, but also clay minerals and accessory minerals that contain nutrients for plants (e.g., phosphorus, potassium) and may increase soil cation exchange capacity. To be considered and marketed as soil re-mineralizers, dacite rock by-product must meet the specific criteria established by the Ministry of Agriculture, Livestock and Supply (MAPA) (Brazil 2016) .
The objective of this study was to evaluate the potential use of the by-product produced from volcanic rock mining in the fertilization of the tropical soil, in the nutrition of the black oats and the maize crops, in a greenhouse located in Nova Santa Rita city, Rio Grande do Sul state, Brazil, and finally to serve as the basis for several countries that produce these types of rock aggregate by-product. The crops considered were selected because they are widely cultivated in Brazil. Another crop that shows great potential for the application of the dacite rock byproduct would be soybean, which is considered as the largest consumer of fertilizers in Brazil. This study presents a viable sustainable alternative that could replace soluble fertilizers adding value to the investigated rock by-product.
MATERIALS AND METHODS
Soil, By-Product, and Seeds Samples Soil was sampled in June 2013 from several locations in the experimental site, in the Nova Santa Rita city (29°52¢12¢¢S; 51°15¢28¢¢W, South American Datum 1969), before re-mineralization treatments application. Soil samples were collected at depths of 0-20 cm (A horizon) to evaluate the soil fertility, mineralogy, and particle size distribution. For soil classification, samples were collected at depths of 20-40 cm (Bw horizon).
Soil of 1300 kg was collected at depths of 0-20 cm for the greenhouse experiment. This material was air-dried, homogenized, sieved at 4-mm mesh, and then finally quartered. For fertility analysis, an amount of approximately 500 g of soil was used. The experimental overview is shown in Figure 1 .
Twenty kg of by-product powder for particle size classification and chemical characterization and 1 kg of bedrock for petrographical description and chemical composition by scanning electron microscope were used in this investigation. The samples were obtained from the quarry Sindicato da Indú stria de Extraçã o de Pedreiras de Nova Prata in Southern Brazil (28°46¢27.37¢¢S, 51°38¢16.61¢W, South American Datum 1969) . The distance between the quarry and the experimental site is 172.6 km.
For the cultivation of black oats and maize, seeds of black oats (Campo Bello-Controlled by the State Commission of Seeds and Seedlings--CESM/RS) and maize (cultivar HIB ITAP 700-Seed ISA 509) were purchased in a local store.
Soil and By-Product Particle Size Distribution
The particle size distribution of soil and byproduct powder was determined according to the methodology for Brazilian norm, NBR-7181 (ABNT 1986 ). This methodology is relevant because the smaller the size of the mineral particles, the greater will be the surface area exposed to weathering, favoring the alteration of the material (Priyono and Gilkes 2008) . For this analysis, 120 g of each sample was oven dried for 24 h at 105°C. The samples were then split into different particles sizes using sieves of different apertures (ASTM 4-4.8 mm, ASTM 7-2.8 mm, ASTM 10-2.0 mm, ASTM 20-0.84 mm, and ASTM 50-0.3 mm). The sieves were stacked on a mechanical shaker (Produtest Ò ) for 15 min. After this, the particles retained per size were weighed on a semi-analytical scale (Gehaka Ò , BG 1000, accuracy of ± 0.01 g). The percentages of particles sizes were determined from weights materials passing through each mesh size.
Analytical Procedures

By-Product Petrography
Thin-section petrographical observations were made to identify the dacite mineral phases. The samples were analyzed on a Nikon Eclipse 50iPOL optical microscope (OM) under natural (NL) and polarized reflected light (PL).
By-Product and Soil Mineralogy
X-ray diffraction (XRD) technique was employed to characterize the mineralogical composition of the by-product and soil samples using a Philips X-ray diffractometer, model XÕPert MPD, equipped with a curved graphite monochromator and fixed copper anode, operating at 40 kV and 40 mA. The angle range analyzed was from 5°to 75°. The step size used was 5°/1 s. Cu Ka radiation (1.54184 Å ), Ka1 (1.54056 Å ), Ka2 (1.54439 Å ), and Kb (1.39222 Å ). The mineral identification from XRD data was done using the XÕpert High Score Software.
By-Product and Soil Chemical Composition
Chemical analyses of the by-product and soil were performed in triplicate, after manual milling using a porcelain mortar and pestle to obtain particles less than 0.074 mm. Chemical composition in percentage weight of oxides was determined by X-ray fluorescence (XRF) using a Panalytical brand MagiX equipment (DY1583) after digestion of 2 g of the sample by total fusion in automatic machine with lithium tetraborate (Silva et al. 2011) .
The by-product sample was digested with four acids (HCl:HNO 3 :HF:HClO 4 ) in a microwave for 1 h (Querol et al. 1997) to determine a potentially toxic elements (PTEs), As, Cd, Hg, and Pb composition. The analysis was performed at the Institute of Environmental Assessment and Water Research (Spain) by inductively coupled plasma-mass spectroscopy (ICP-MS).
Soil fertility was determined according to Tedesco et al. (1995) , before application of the treatments and after harvesting of black oats and maize crops. This analysis included P and K (Mehlich 1), Ca, Al, and Mg (KCl 1 mol l À1 ), and pH in water (1:1).
The micromorphology, texture, and chemical composition of the by-product were investigated on a polished thin section. The soil sample was adhered to stub using carbon tape. Then, the materials were gold-coated using a sputter coating device (BAL-TEC, SCD 005) for 3 min at 30 mA. The analyses were performed using a Zeiss EVO MA10 scanning electron microscope equipped with an energy-dispersive X-ray spectrometer (EDS). The mineral identifications were made using a back-scattered electron mode to produce images displaying high resolution.
Location and Site Preparation
The experimental site was in a greenhouse located in Nova Santa Rita city in the state of Rio Grande do Sul, Brazil. The work started in June 2013. The re-mineralization treatments were defined based on fertilization practices used in the region according to the Brazilian Society of Soil Science (SBCS 2004) . Most of the tropical soils are acid and have low fertility, with very low P and K contents (Rabel et al. 2018) . For this reason, the treatments were dimensioned from the K (62 mg l À1 ) concentration in the experimental soil and on the K 2 O concentration of by-product. This is because 3.31% K 2 O concentration in the by-product is higher than that of CaO (3.06%), MgO (2.27%), and P 2 O 5 (0.26%).
Before planting, limestone, triple superphosphate (TSP), and by-product doses were thoroughly mixed in the soil. The re-mineralization treatments are shown in Table 1 .
Experimental Design
The experiment was carried out using a randomized block design with five treatments replicated seven times, and each experimental unit consisted of three pots. Generally, in greenhouse experiments, containers are small (usually with a capacity of around 10 kg of soil), which do not allow the development of plants until the physiological matu- ration stage of the cultivated species (usually more than 110 cycle days, depending of the species). Thus, black oats were produced in the first 70 days and in sequence maize crops were also cultivated for 70 days. For this, nine seeds of black oats were planted on the drilled pots in the background, which contained 10 dm 3 of soil with treatments, and only three plants were grown for 70 days. Plants were harvested, washed with de-ionized water, and separated into leaves, stems, and roots. The material was dried at 40°C until weight stabilization, weighed and then finally milled. According to Jones et al. (1991) , after digestion in concentrated H 2 SO 4 and H 2 O 2 at 390°C, concentrations of Ca, K, Mg, and P in the leaves were determined using an atomic absorption spectrophotometer. According to Tedesco et al. (1995) , for soil fertility analysis, approximately 500 cm 3 of soil was collected from each treatment.
Thereafter, the remaining soil samples (approximately 9.5 dm 3 ) were homogenized and passed through a 4 mm mesh sieve and repotted. Then, in the same soil samples, nine seeds of maize were planted, and only three plants were cultivated for 70 days. Plant and soil samples were processed as described above for black oats.
The least significant difference (LSD) test was used to examine the results. Regression models were used to analyze the effects of treatments on dry matter production and nutrient accumulation in plant leaves. To determine the relationship between the mean accumulated concentrations of nutrients in the leaves and the averages of dry matter yield of black oats and maize crops at 5% probability, the PearsonÕs linear correlation was applied using the t test. The BioEstat Statistics software (free distribution copy), version 5.3, was used to run all tests.
RESULTS AND DISCUSSION
By-Product and Soil Particle Size Distribution
The particle size distribution of the by-product and soil, obtained by sieving, is shown in Tables 2  and 3 , respectively.
The size distribution analysis showed that 100% of the particles of the by-product measure less than 2 m. This result meets the granulometric guarantee established by IN no 5 (Brazil 2016) . The lower size distribution in the by-product may increase nutrients release. This interpretation was proven by the investigations of Priyono and Gilkes (2008) , who studied the dissolution kinetics of silicate rock with particles size below 0.25 mm and 0.15 mm in an organic acid solution. These authors showed that the rate of cations dissolution increases with finer particle size.
The soil was classified as a typical Hapludox (HSoil), according to the US Department of Agriculture soil classification (USDA 1999), with 21% of clay in A horizon and 13% in Bw horizon. The soil particle size results (Table 3) confirm that the soil is a typical Hapludox. Briefly, the soil is composed of medium K (62 mg dm À3 ), low P (6.2 mg dm À3 ), and Al (0.3 cmolc dm À3 ) concentrations. Soil has 6.9 cmolc dm À3 cation exchange capacity (CEC) with pH H2O of 5.2, Ca and Mg concentrations of 2.6 and 0.7 cmolc dm À3 , respectively, 50% base saturation (V), and 7.8% of Al saturation indicator (m).
By-Product Petrography
Optical microscope observations revealed that the dacite has an acid composition, featuring a micro-crystalline to glassy matrix (amorphous) with porphyritic to micro-porphyritic texture of granula- )   T1  3030  238  0  0  0  0  0  T2  3030  238  906  30  32  21  2  T3  3030  238  1813  60  65  41  5  T4  3030  238  3625  120  129  82  9  T5  3030  238  7251  240  258  165  19 *Dolomitic limestone with total neutralization relative power (TNRP) of 72%; **Triple superphosphate (TSP) tion less than 0.25 mm (Fig. 2a, b) . Phenocrysts, micro-phenocrysts (less than 10% of the volume of the rock) and a significant number of vesicles were observed (Fig. 2a, b) . Plagioclase micro-phenocrysts appear isolated and comprise 67% of the volume of the rock with grains size of 0.5-1.5 mm (Fig. 2c) .
The micro-phenocrysts of clinopyroxene are less than 1.8 mm length (Fig. 2d, e) . The minerals identified in the matrix were plagioclase (albite), clinopyroxene (augite), quartz, and opaque (hematite) minerals with apatite as accessory mineral. The quartz is colorless and anhedral, with diameter less than 0.35 mm, and occupies interstitial spaces (Fig. 2d) . Apatite crystals have needle shapes of grains less than 0.15 mm (Fig. 2f) .
By-Product and Soil Mineralogy
The presence of montmorillonite, saponite, and hematite ( Fig. 3) shows that the by-product has been altered by a hydrothermal agent. Hydrothermal alteration of volcanic rock produces high proportions of amorphous material, which presents low mineralogical stability when exposed to exogenous conditions (Ridley 2012) . This makes the rock interesting for use in soil re-mineralization (Ramos et al. 2017) . The by-product contains an undetermined proportion of glassy mass, undetectable by Xray diffraction analysis, which may supply macronutrients such as Ca, K, and Mg to soil (Deer et al. 2013) . The weathering of the glassy matrix, together with the weathering of sanidine, albite, and augite, in addition to clay minerals that fill the vesicles and occur in the rock matrix, indicates hydrothermal alteration. This process changes the mineral phases, increasing the cations release potential, which may contribute to the soil re-mineralization (Korchagin et al. 2019) . The dominant minerals observed in the by-product were plagioclase albite and pyroxene augite (Fig. 3) are the most common volcanic rockforming minerals (Deer et al. 2013 ).
X-ray diffraction and SEM/EDS analysis show the occurrence of sanidine in the by-product (Figs. 3  and 4A ). This mineral belongs to the group of Kfeldspars, and when added to soil can release its elements more easily due to the action of weathering (Manning et al. 2017 ). K-feldspar is an important source of K to the soils and may be the largest reservoir of K (Ciceri et al. 2017) . The presence of smectites (montmorillonite and saponite) as clay minerals in the by-product was observed in Fig. 3 . Smectites have a relevance in soils due to their high cation exchange capacity (Huggett 2015) .
Apatite is a widespread accessory phosphate mineral that occurs in almost all igneous rocks and is known to be partially resistant to weathering (Piccoli and Candela, 2002) . This suggests slow dissolution and P release. This interpretation is contradictory to studies of Ramos et al. (2015) , which showed recovery up to 93% of the P in leaching tests using dacite rock powder from the same region of this study. The presence of apatite is a good indication that by-product can release P to the soils. Figure 5 shows the appearance and composition of the mineral particles of HSoil. The soil consists predominantly of quartz, kaolinite, and goethite.
By-Product and Soil Chemical Composition
The data in Table 4 indicate the predominant presence of Si, Al, Fe, and Ti oxides in decreasing order, and, in smaller proportions, oxides of Mg, Mn, P, Ca, K, and Na in the HSoil sample. The byproduct contains different chemical elements, expressed as oxides (Table 4) . These results concur with those obtained by Nunes et al. (2014) , who characterized four similar rocks and their application as a soil re-mineralizer. The results of XRD (Fig. 5) and XRF, with respect to Al, Si, Fe, and Ti oxides, support the presence of quartz, kaolinite, and goethite (Fig. 6a, a, c) . In terms of chemical composition expressed as major and minor elements, it can be stated that the studied rock is dacite (Streckeisen 1976) . In terms of potential (based on content) for the macro-nutrient K, the by-product could be indicated as a soil remineralizer according to the Brazilian IN no 5 (Brazil 2016) . The by-product presents the sum of chemical compounds (CaO + MgO + K 2 O) higher than 9% and K 2 O content higher than 1%, in compliance with the Brazilian IN no 5 (Brazil 2016) . According to Ramos et al. (2017) the criteria for a re-mineralizer are satisfied by the by-product studied here. This is a positive characteristic that represents good potential for agricultural use, especially in nutrient-poor soil such as HSoil (Table 4) . The average phosphorus concentration of the EarthÕs upper crust is approximately 0.1% P 2 O 5 (Cordell and White 2011) . According to Table 4 , the P 2 O 5 content of the by-product is almost three times above the crustal average. This result may be attributed to the occurrence of apatite in the by-product, because this mineral was identified by OM ( Fig. 2f) and by SEM/EDS (Fig. 4b) . This finding concurs with Ptá ček (2016) that the apatite is the most abundant phosphate mineral, which accounts for more than 95% of all phosphorus in the EarthÕs crust and is found as an accessory mineral in volcanic rocks.
According to data presented in Table 4 , the byproduct is characterized by primary macro-nutrients such as K and P. Phosphorus and K are important nutrients to obtain high productivity in several crops; for example, in tropical soils (Carvalho et al. 2018) . Calcium and Mg appear as secondary macronutrients. According to Gilliham et al. (2011) , calcium serves vital physiological functions in plants. Magnesium is involved in chlorophyll pigments, in photosynthesis, and aids in phosphate metabolism, plant respiration, and the activation of many enzyme systems (Guo et al. 2016) . Sodium is a common constituent in plants, but it is not an essential element, although for some plants, such as sugar beet, it is an important element to achieve high yields (Nieves-Cordones et al. 2016) . The high Al content in the by-products is not concerning because Al precipitates in environments with pH above 5 and will not be available for soil solution and consequently for plants (Ramos et al. 2017) . This is environmentally relevant because it supports the sustainable agricultural use of the by-products and hardly causes Al toxicity to plants. High content of Na in tissues is critical to ionic toxicity in plants, because, besides interfering with the proper homeostasis of K, Na reduces the availability, translocation, and mobilization of Ca to the growing regions, which affects vegetative growth and production (Cabot et al. 2014) . Silicon is a micro-nutrient considered beneficial (Haynes 2014) but not essential to plants. This nutrient is extremely important for the development and crops protection (Keeping 2017; Beerling et al. 2018) .
The maximum limits of PTEs in soil re-mineralizers allowed by Brazilian normative instruction are As (15 ppm), Cd (10 ppm), Hg (0.1 ppm), and Pb (200 ppm) (Brazil 2016) . The results of analysis by ICP-MS demonstrate that the by-product sample has low concentrations of PTEs As (3 ppm), Cd (< 0.01 ppm), Hg (< 0.01 ppm), and (Pb 19 ppm), which do not represent an environmental risk. Figure 7 shows that, after the soil treatments, soil fertility attributes such as base saturation (V), Al saturation (m), Al concentration, and CEC varied significantly when analyzed 140 days after maize crops were harvested. The application of all byproduct doses (treatments T2-T5) significantly reduced the soil Al levels after 140 days. This result conforms to the observations of Ramos et al. (2017) , which also supported the agricultural use of the volcanic mining by-products. Aluminum is toxic to plants, acidifies soil, and causes nutritional deficiency. The reduction in Al levels in soils with treatments T2-T5 is extremely important because most agricultural plant species do not achieve maximum production potential when produced on highly acid soils (Sade et al. 2016; Barbosa et al. 2017) . Although the by-product has high levels of Al 2 O 3 (13.8%), the toxicity by its dissolution is not considered to be an environmental concern. Aluminum released during dissolution in soils with pH above 5 is generally precipitated as secondary aluminosilicates or as oxides and hydroxides (Lindsay 1979; Faquin 1982) . As illustrated in Figure 7 , the pH of the soils was not increased significantly (p = 0.3394). The highest pH value was found in treatment T5, which was measured at the end of maize cultivation. However, the pH value was significantly higher (p = 0.0053) in treatment T5 as compared to the treatment T1 that received only limestone (at 3.03 t ha À1 ) and triple superphosphate 0.238 t ha À1 after maize cultivation. According to Fageria (1998) , it is necessary to apply approximately 12 t ha À1 of limestone in order to increase the pH value of the HSoil to 6.0. The results presented in Figure 7 proved that the by-product studied has potential for increasing the soil pH because it acted as correctives of acidity in the short term (140 days). The results conform to those of Dumitru et al. (1999) whereby the application of rock dust slowly increases soil pH. One of the factors that considerably restrict the productivity of different crops in various parts of the world, including Brazil, is soil acidity. For the incorporation of these soils into the productive process, the use of materials that have the potential to increase pH is indispensable (Fageria 2009 ). The soil-plant system is dynamic, and it is difficult to define the optimal pH for several annual crops. According to Fageria (1998) , most crops can produce well in soil with pH of around 6 (Fageria 1998) . With increase in the by-product doses, the CEC of the soils also increased; thus indicating the interaction of this effect with the period of the experiment (Fig. 7) . Especially after maize cultivation, the tested doses provided a linear increase in CEC. However, the increases in CEC obtained in soils did not to reach 16.2 cmolc dm À3 , which is the minimum considered adequate by SBCS (2004) .
Agronomic Performance of the By-Product
Soil Composition
Before treatment T1 of the HSoil, the Al saturation indicator (m) was 7.8%. This decreased to 2.0% after black oat cultivation (Fig. 7) , which could possibly be due to the application of limestone. However, the values were significantly lower, between 1.8% and 0% after maize cultivation in the treatments T2 to T5, respectively. This shows that the decrease in the Al saturation indicator was caused by increased by-product doses.
The data in Figure 8 show that the by-product application did not significantly change the concentrations of Ca, K, Mg, and P in the soil after 70 days of black oat cultivation (p > 0.05). However, a significant (p < 0.05) increase in the availability of Ca, K and P in the soil was observed after maize cultivation (140 days). Though the Mg did not increase significantly, its contents reached high levels in the soils for all the treatments. Soils with Ca contents between 2.1 and 4.0 cmolc l À1 and Mg contents between 0.6 and 1.0 cmolc l À1 are considered satisfactory according to SBCS (2004) . The Ca and Mg contents reached above satisfactory levels. This result can be attributed primarily to the presence of albite and augite minerals in by-product, which were able to release Ca and Mg when added to the soils. In addition, the Ca and Mg contents were well below the levels added via by-product, which showed that these materials have the potential for the immediate release of these nutrients. Generally, tropical soils have low available K concentration (Zhang et al. 2017 ), but it is not so low as P. After P, K is the second most consumed nutrient in Brazilian agriculture (Coelho and França 1995; Nowaki et al. 2017) . In this study, the available K concentrations were observed to be high (91 and 98 mg l À1 ; SBCS 2004), which correspond to 0.23 and 0.25 cmolc l À1 in the treatments T4 and T5, respectively, after maize cultivation. This can be explained by the presence of sanidine mineral in the by-product, which was detected via XRD and SEM/ EDS analyses ( Fig. 3 and 4a) and is directly associated with the release of K. This result is very important and unusual in the existing literature. As an example, we can cite the study of Bakken et al. (2000) , who investigated the release of K by crushed rocks and mining tailings by cultivating ryegrass for 6 months. The authors showed that K was sparsely available to plants, regardless of rock doses. Santos et al. (2016) determined the release of K in soils by the verdete rock with 77 g kg À1 of K and verified that soil K levels were decreased after grass, maize, and eucalyptus plantations. In soils treated with doses up to 50 t ha À1 of ground basalt, the low release of K was also observed by Motta and Feiden (1992) . In the present study, the availability of K obtained, indicated that the dacite powder has potential for soil re-mineralization.
Typically, tropical soils have low concentrations of available P and high potential for the ''fixation'' of P applied by using soluble fertilizers. This factor rated P, along with N, as one of the most limiting nutrients in crop production in Brazil (Fageria 2009 ). The pH value of soil, as an isolated factor, is the most important factor that affects the availability of P in soil, which promoted the greater availability of P in the soil solution with pH of 5.7 (Fig. 7) , and consequently, it showed higher uptake by maize plants cultivated in treatment T5 (Fig. 9) .
A gradual increase in the available P in soils with the by-product dose increase (Fig. 8) showed that such a source may be considered good as a useful fertilizer. According to SBCS (2004) , these doses were enough to alter the level of P in the soils, because P concentration without by-product (treatment T1) was low (5.40 mg dm À3 corresponding to 0.052 cmolc l À1 ) and the P concentration became average (11.0-14.0 mg dm À3 corresponding to 0.1-0.13 cmolc l À1 ) after maize cultivation. The results obtained in this study conform to those of Theodoro et al. (2010) that rocks can provide nutrients that are important for crops. Considering the fact that the experimental time was only 70 days for each crop, the by-product of this study presented notable reactivity in soils of treatments T3-T4.
Growth and Nutrient Uptake by Black Oats and Maize Crops
The growth and Ca, K, Mg, and P uptake by black oats and maize leaves were significantly affected by the by-product doses (Fig. 9) . The reference values for black oats and maize leaves contents, according to Pauletti (2004) , are shown in Table 5 . These results indicate that these nutrients were released rapidly from the by-product, suggesting that the by-product had an immediate effect of release nutrients onto soil.
According to Figure 9 , the K concentration in treatment T1 was below the critical value in maize leaves (15.9 g kg À1 ), and in leaves of black oats it was at the limit of critical value (15.2 g kg À1 ). It was possible, as evidenced in Figure 9 , that with increasing by-product dose, the K content of leaves of both crops increased linearly. In treatments T2-T5, the levels of K in black oat leaves were within the appropriate range, whereas K in maize leaves was well above the range (Table 5) .
The K content in the foliar tissues of black oats cultivated in treatment T5 was two times greater than in treatment T1. In maize leaves, it was four times greater than treatment T1. Curi et al. (2005) stated that the release of K in soils by K-feldspars can supply the K demand of plants for some cycles. During these vegetative cycles, monitoring should be done so that the plants do not present deficiency of this nutrient.
For P, behavior similar to K was observed. The concentration of P in treatment T1 was below the critical value in maize leaves (1.01 g kg À1 ) and in black oats (0.98 g kg À1 ) (Fig. 9) . With the increase in the application of by-product, the concentrations of P in the leaves also increased linearly (Fig. 9) . In treatment T5, the P content in black oat leaves reached the appropriate range, whereas in maize leaves it was well above of appropriate range (Table 5 ). This behavior agrees with the finding of Ros et al. (2017) that P exhibits great mobility in young maize plants.
As can be observed from Figure 9 , the treatments T2-T5 had the highest concentrations of P and Mg after maize harvesting. Phosphorus is significantly influenced by the synergistic concentration of Mg in the soil (Ribes et al. 2012) . Foliar Ca content of black oats and maize crops presented a linear effect as a function of by-product doses and was approximately 1.6-times higher in treatment T5 than in treatment T1 for both crops. This may have occurred because Ca was added to the soil via limestone in treatment T1, but in treatment T5 it was released via weathering of the albite and augite present in by-product. These minerals were detected by XRD (Fig. 3) .
As illustrated in Figure 9 , it was observed that the Mg contents in black oats leaves were not significant in relation to the by-product doses. In contrast, Mg levels were significantly increased in maize leaves, probably due to limestone in treatments T1 and T2. In treatments T3-T5, such increase in Mg can be attributed to the weathering of the augite mineral present in the by-product.
The dry matter production of black oats increased linearly (Fig. 10 ), but statistically there was no significant difference (p = 0.246). A quadratic response in the dry matter production of maize was observed, with statistically significant difference (p = 0.010) between treatments, which according to the regression model indicated efficient maximum values at 5000 kg ha À1 (Fig. 10) . The dry matter yield of black oats obtained in this study showed increases of 11% and 19% in treatments T4 and T5, respectively. Evans (1947) used 247 and 497 t ha À1 of basalt powder and obtained increases of 33.7% and 56.7% in dry matter production with potted oats. If the same doses suggested by Evans (1947) were applied in the present study, the increases would be 754% and 1311%.
The above results agree to those obtained by Theodoro and Leonardos (2006) , who concluded that the use of the rock powder increased the production of maize, rice, cassava, sugar cane, vegetables, and fruits compared to soluble fertilization. By-product doses (kg ha -1 ) P Black oat P Maize Figure 9 . Nutrient concentration in leaves of black oats and maize crops grown in soils with different treatments of the by-product. Vertical bars (I) represent the standard error from seven replications. 
Nutrients Accumulation by Black Oat and Maize Crops
A linear increase in the accumulation of Ca and K in the leaves of both crops as a function of the addition rates of the by-product is presented in Figure 11 . In black oat leaves, the same results were observed for Mg and P. According to the regression model, a quadratic response was observed for Mg and P accumulation in maize leaves, which indicates maximum efficiency at 5416 kg ha À1 and 5800, respectively (Fig. 11) .
Treatment T5 presented a significantly higher value (p < 0.01) than the other treatments for the accumulation of K by maize leaves (Fig. 11) . This was possibly because the leaves were collected at 70 days, which coincides with the recommended time for leaf sampling (SBCS 2004) . This result suggests that the plants absorbed the amount of K required for their complete development (Table 6) .
Most of the linear correlation coefficients between the mineral nutrition elements of black oats and maize crops were found by the t test to be significant with 95% confidence ( Table 2) By-product doses (kg ha -1 ) P Black oat P Maize Figure 11 . Regression plots describing the effect of waste rates on Ca, K, Mg, and P cumulative absorption in leaves of black oats and maize grown in soils with different treatments of the by-product. Vertical bars (I) represent the standard error from seven replications. 4 0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000
By-product doses (kg ha -1 )
Black oat Maize Figure 10 . Regression plot describing the effect of waste rates on dry matter production of black oats and maize grown in soils with different treatments of the by-product. Vertical bars (I) represent the standard error from seven replications.
in Table 2 for black oats and maize crops, the positive correlations of P with K and Ca indicate that the greater P content in plant is the better the root system growth of the plants is thus allowing the plant to explore a larger volume of the soil (Malavolta et al. 1997) . It was observed that K correlated positively with Ca, and the synergistic effect between K and Ca was evidenced in maize leaves due to the high correlation between them.
Considering the presented results, we can infer that the application of the by-product was satisfactory because it positively altered the soil fertility attributes and it met the demand for Ca, K, Mg, and P by maize crops and black oat plants in a short term. All parameters evaluated in this study met the requirements established by IN no 5 (Brazil 2016) . These results suggest that this technique can and should be adopted at a global level, especially in countries that have rock mining activity. It is important to note that several studies have shown that other rock types, such as metasedimentary rocks (e.g., verdete; Santos et al. 2016) , plutonic rocks (e.g., nepheline syenite; Nascimento and Loureiro 2004), and metamorphic rocks (e.g., shale; Silveira et al. 2010) , are composed of minerals that are rich in nutrients, particularly K.
CONCLUSIONS
This work evaluated the ability of a by-product of volcanic rock mining to positively alter the agronomic properties of the soil and the development and productivity of black oat and maize plants. The purpose was achieved by using the optical microscopy, XRD, XRF, SEM/EDS, and ICP-MS for determining the petrographical, mineralogical, and chemical composition of the by-product.
The safe use of the by-product evaluated here requires an evaluation of the PTEs composition, to ensure the quality of the inputs added to the soil, which will result in better food nutritional quality and environmental protection. The by-product contains macro-nutrients such as Ca, K, Mg, and P, besides low PTEs concentrations, which do not represent environmental risk, indicating good potential to be used as soil re-mineralizer. This study demonstrated that the by-product positively influenced the nutrition and development of black oats and maize grown in treatments T3-T5. These results suggest that this by-product could replace soluble fertilizers. In addition, it does require chemical processing and can be used in natura.
The increase in pH of soil treated with 7251 kg ha À1 of the by-product was considered significant when compared to the treatment with zerodose of the by-product. In treatments T3-T5, relevant reductions in exchangeable Al and Al saturation were observed, which show the residual effect due to large reserves of Ca and Mg that were slowly released by the by-product. The application of byproduct doses in treatments T3-T5 increased the plant growth, reduced Al toxicity in the soil, and amplified the levels of P, Ca, and Mg in the soil and the levels of Ca and Mg in plants. The application of the by-product studied here is a sustainable technology for soil re-mineralization. The use of this byproduct in agriculture may be suitable for solving the problem of by-products deposited outside the mines and decrease the consumption of soluble fertilizers.
To confirm the use feasibility of volcanic rock mining by-products in agriculture, it will be necessary to carry out experiments in field conditions. For this, it is suggested that the experiments are monitored for at least 2 years, with summer and winter crops. Special attention should be given to experimental sites, to obtain a correct control of the variations of soil types, fertility levels and conditions of excess and/or lack of humidity. Generally, experi- , which allows the useful area to provide adequate amount of grains or phytomass for the nutritional evaluations in leaves and grains. Evaluations of the response variables should consist of soil analysis, leaf tissue analysis, shoot dry mass, and production/productivity. Soil analyses can only be done at the end of the last successive crop, but it is preferable that they are carried out at the end of the cycle of each crop.
